Prestin is the motor protein expressed in the cochlear outer hair cells (OHCs) of mammalian inner ear. The electromotility of OHCs driven by prestin is responsible for the cochlear amplification which is required for normal hearing in adult animals. Postnatal expression of prestin and activity of OHCs may contribute to the maturation of hearing in rodents. However, the temporal and spatial expression of prestin in cochlea during the development is not well characterized. In the present study, we examined the expression and function of prestin from the OHCs in apical, middle, and basal turns of the cochleae of postnatal rats. Prestin first appeared at postnatal day 6 (P6) for basal turn, P7 in middle turn, and P9 for apical turn of cochlea. The expression level increased progressively over the next few days and by P14 reached the mature level for all three segments. By comparison with the time course of the development of auditory brainstem response for different frequencies, our data reveal that prestin expression synchronized with the hearing development. The present study suggests that the onset time of hearing may require the expression of prestin and is determined by the mature function of OHCs.
Introduction
Mammalian hearing is characterized by incredible sensitivity and exquisite frequency selectivity. However, in many species including rodents, auditory function is developed after birth. In rats, action potential cannot be obtained from neurons in primary auditory cortex before postnatal days 10 to 11 (P10-P11) [1, 2] . Therefore, this period at approximately P10 is an important stage of rat auditory development and is described as "hearing onset." During the following several days, the hearing sensitivity rapidly increases, and the minimal threshold for hearing decreases by approximately 30-50 dB during P11-P14, reaching the adult level [2, 3] . The maturation of auditory perception requires completion of the structural and functional development of both the auditory periphery and the central auditory system. Some important studies have investigated the maturation of central neurons and the refinement of the synaptic connections [4, 5] . In vivo patch-clamp data show that subthreshold auditory inputs were observed in cortical neurons before hearing onset [3, 6] . These reports suggest that cochlear function develops before hearing onset.
The morphological and functional development of the cochlea has been widely studied. Inner hair cells (IHCs) and outer hair cells (OHCs) are two types of sensory cells in the mammalian cochlea. OHCs convert sound vibration into electrical signals and change their cell length at acoustic frequencies [7, 8] . These shape changes, termed electromotility, are assumed to be part of the mechanical feedback process that amplifies low-level sound [7, 9] . The cochlear amplification derived from the motility of OHCs increases the sensitivity of weak sound by 40-60 dB [9, 10] . OHC electromotility is powered by a motor protein called prestin, which resides in the lateral membrane of OHCs. Driven by changes in membrane voltage, intracellular chloride ions move in or out of the prestin molecule, thereby triggering a switch in the conformation of prestin between the long and short states [10, 11] . Interestingly, the morphological and functional maturation of OHCs occurs at postnatal ages [12, 13] . Belyantseva et al. reported that prestin expression increases progressively after birth in a time course coinciding with that of electromotility [14] . These findings imply that the electromotility of IHCs is likely to be an important limiting factor in the development of mature hearing.
Auditory brainstem responses (ABRs) are likely an important manifestation of the global neural response to sound stimulation and are generally believed to be associated with in vivo hearing function. Therefore, in the present study, we investigated the development of the ABR and the expression of prestin in postnatal rats. Our results suggest that the expression and function of prestin coincide with the time course of ABR development.
Materials and Methods

Experimental Animals.
Adult (2 to 3 months old) Sprague-Dawley rats and rat pups ranging from postnatal day 0 (P0) to P14 were used in this study. The animals were maintained on a 12-hour light/12-hour dark schedule and had free access to water and a standard diet. All of the studies were performed in accordance with the Chinese Prevention of Cruelty to Animals Act and permission was obtained from the Southern Medical University Laboratory Animal Center.
ABR Recording.
Experiments were carried out on rat pups aged P0-P14 and on adult rats. Briefly, each animal was anesthetized with an intraperitoneal injection of sodium pentobarbital (22 mg/kg for pups and 30 mg/kg for adults). Then, the animal was placed on an antivibration table in a soundproof chamber. The animal's body temperature was maintained at 37.5 ∘ C with a heating pad during ABR recording. A subdermal needle electrode was placed over the skull vertex. The ground was placed ventrolateral to the left external pinna, and the reference was placed ventrolateral to the right external pinna. Calibrated stimuli were generated using TDT SigGenRP software (Tucker-Davis Technologies). Tone bursts (1 ms rise/fall, 3 ms plateau) of various frequencies (1, 2, 4, 8, 16, 24 , and 32 kHz) and intensities (0-90 dB SPL at 5 dB intervals) were presented using a calibrated TDT ES1 speaker located 50 cm away from the animal. The frequency-amplitude scan was computer controlled (TDT System 3, Tucker-Davis Technologies) and was delivered in a randomized sequence. Each frequencyamplitude combination was repeated 256 times at a rate of 10 bursts/s. The ABR signals were filtered (100-1000 Hz), amplified and averaged using TDT hardware (TDT System 3, Tucker-Davis Technologies), and recorded using BioSigRP software (Tucker-Davis Technologies). Hearing thresholds were determined by visual inspection of ABR waveforms and defined as the minimum intensity at which averaged waveforms could be distinguished. Data were stored for offline analysis. The entire recording for one animal spanned about 40 minutes.
Immunofluorescence Staining.
The temporal bones of pups and adult Sprague-Dawley rats were isolated and placed into L-15 media (Invitrogen, Carlsbad, CA). The Organ of Corti was isolated and cut evenly into three pieces representing the basal, middle, and apical turns. Tissues were fixed with 4% paraformaldehyde in 0.1 M PBS (pH 7.4) at 25 ∘ C for 2 hours. After being washed with PBS, the tissues were incubated in a blocking solution (10% goat serum and 1% BSA in PBS) with 0.3% Triton X-100 for 20 min at room temperature and then incubated with a primary antibody against the prestin C-terminus (1 : 200, Santa Cruz Biotech Inc., Santa Cruz, CA) at 4 ∘ C overnight. After the primary antibodies were completely washed out with PBS, the tissue samples were incubated with Alexa Fluor 488-conjugated secondary antibodies (1 : 600; Invitrogen, Carlsbad, CA) in blocking solution at room temperature for 1 h. Counterstaining of stereocilia was performed using phalloidin labeled with tetramethyl rhodamine isothiocyanate (TRITC-phalloidin, 1 : 200; Sigma, St. Louis, MO, USA) for 20 min at room temperature. After being washed three times in PBS, samples were mounted between a slide and a coverslip using ProLong antifade reagent (Invitrogen, Carlsbad, CA). Fluorescence images were obtained with a Nikon microscope (Nikon, A1+, Japan) using 20x or 40x objectives.
Western Blot.
Western blot was performed as described in our previous study [15] . In brief, the apical turn of the Organ of Corti was isolated and homogenized in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, and 0.1% SDS) supplemented with cOmplete6 protease inhibitor (Roche). After incubation on ice for 30 min, samples were centrifuged at 12,000 rpm for 15 min at 4 ∘ C, and the supernatant was collected for further analysis. Subsequently, 20 g of total cochlear protein was separated using 8% SDS-PAGE and transferred to a nitrocellulose membrane (Millipore). After blocking with 5% nonfat milk in TBS containing 0.1% Tween 20, the membrane was incubated with primary antibodies (Sigma, St. Louis, MO, USA) overnight at 4 ∘ C on a shaking platform, followed by horseradish peroxidase-conjugated secondary antibodies (Invitrogen, Carlsbad, CA) for 1 h at room temperature. Immunoreactive bands were detected by enhanced chemiluminescence and visualized with the Amersham Imager6 600 (GE Healthcare). Prestin and GAPDH bands were quantified using ImageQuant6 TL Image Analysis software (GE Healthcare) according to the manufacturer's instructions.
Patch-Clamp Recording and Nonlinear
Capacitance Measurement. The animals were anesthetized by CO 2 inhalation and decapitated. The cochlea was rapidly removed from the temporal bone and placed in a Petri dish filled with ice-cold Leibovitz's L-15 media (Invitrogen, Carlsbad, CA). The Organ of Corti was isolated from the apical turn of the cochlea and underwent mild enzymatic digestion with collagenase for 5 min (2 mg/mL collagenase IV, Sigma, St. Louis, MO). After gentle pipetting, the cells were transferred to a small plastic chamber filled with enzyme-free L-15 medium (∼1.5 mL) supplemented with 10 mM HEPES (pH 7.35 and 300 mOsm).
Neural Plasticity 3
The chamber then was placed on the stage of a Nikon inverted microscope (Eclipse Ti-S, Nikon, Japan) with a video camera (DS-Fi1c, Nikon, Japan). Healthy-appearing isolated OHCs were selected for the electrophysiological experiments. Cells showing any signs of shrinkage, swelling, or damage were excluded from the patch-clamp recording. Nonlinear capacitance (NLC) was measured as described in our previous publications [16] [17] [18] [19] . The recording patch pipette was pulled by a pipette puller (P97, Sutter) and back-filled with the intracellular solution (140 CsCl, 10 EGTA, 2 MgCl 2 , and 10 HEPES in mM, 305 mOsm and pH 7.35). Usually, the initial resistance of patch pipette was 2.5-3.5 MΩ in bath solution. Classical patch-clamp recording was performed under the whole-cell configuration using an Axopatch 200B amplifier and a 1440 A/D converter (Molecular Devices, CA, USA). The membrane capacitance of OHCs was measured using a twosine-wave voltage stimulus protocol with a holding potential of 0 mV [20] . The stimuli were controlled and the data were acquired using jClamp software (Scisoft, New Haven, CT). Software OriginPro (OriginLab Corporation, Northampton, MA) was used for offline analysis of the data. The NLC can be fitted with a two-state Boltzmann function and can reflect the nonlinear charge movements to membrane voltage [21] . The Boltzmann function for capacitance fitting is described as
Four parameters ( max , 1/2 , lin , and ) from the equation were related for the functional activity of prestin: max is the maximum charge transfer across the membrane; 1/2 (or ℎ ) is the membrane voltage at which the maximum charge movement occurs, or, equivalently, the peak of the capacitance-voltage function; lin is the linear capacitance; and represents the slope of the voltage dependence ( = / , where is the Boltzmann constant, is the absolute temperature, is the valence of the charge movement, and is the electron charge). lin is determined by the surface area of the cell membrane. To compare the magnitude values of the NLC obtained from OHCs with various cell sizes, we normalized NLC and max to lin .
OHC Length Measurement.
OHCs were isolated from the Organ of Corti as described above. In brief, the Organ of Corti was rapidly removed from the cochlea and cut evenly into three pieces in ice-cold L-15 medium. After mild enzymatic digestion for 5 min (2 mg/mL collagenase IV, Sigma, St. Louis, MO), the tissues were transferred to a small plastic chamber filled with enzyme-free L-15 medium (7.35 pH, 300 mOsm). Hair cells were separated by gentle trituration of the tissue with a 100 L Hamilton syringe and a 25 G needle. By using this technique, a fairly large number of isolated hair cells can be obtained. The chamber containing the hair cells was placed on the stage of a Nikon inverted microscope (Eclipse Ti-S, Nikon, Japan) equipped with a video camera (DS-Fi1c, Nikon, Japan). Because of their morphology, in most preparations, IHCs and OHCs are easy to recognize. Usually, OHCs show a larger axis-diameter ratio, whereas IHCs have a tight neck [22] . The angle between the cuticular plate and the axis of the cell is another important landmark for identifying OHCs versus IHCs. Images of healthy-appearing solitary OHCs were captured using a video camera. The cell lengths of OHCs were measured offline.
Statistical Analysis.
Results are presented as the mean ± SD. Student's t-test was used to examine the significance of the difference between the data obtained from different postnatal ages. Significance was defined as < 0.05. The programs Excel and OriginPro were used for calculation, data fitting, and plotting.
Results
ABR waveforms were recorded from rat pups at various postnatal ages from day 0 (P0) to P14. During the first several days after birth, no ABR signal was observed, regardless of the frequency of sound stimulation and type of acoustic stimulus utilized (tone bursts, clicks, or noise). ABR for highfrequency tone bursts was detectable as early as P6. Responses were only found for stimuli of frequencies higher than 20 kHz with relatively high intensity (thresholds > 75 dB SPL; 5 of 6 animals). Rapid changes occurred over the three subsequent days, and, by P9, the ABR could be readily identified for all frequencies tested. Figure 1(a) shows the representative ABR recordings to tone bursts at 1, 16, and 32 kHz frequencies obtained from a rat pup at P9. Because wave I was the most consistent and robust component, it was used to estimate the ABR threshold (Figure 1(a), arrows) . Thresholds for tone stimuli at different postnatal ages are shown in Figure 1(b) . From P9 to P14, the ABR thresholds decreased progressively with increasing age, but the thresholds for different tone frequencies were affected differently. For frequencies higher than 24 kHz, the ABR responses were present as early as P6 in five of six animals. Mean thresholds (±SD) in response to 32 kHz tones at P6, P7, P9, P11, and P14 were 76.3 ± 2.5, 73.0 ± 2.7, 72.5 ± 2.8, 69.0 ± 2.5, and 51 ± 2.2 dB SPL, respectively (Figure 1(c) ), and the threshold at P14 did not differ significantly from that in adult animals (47.5 ± 5 dB SPL, > 0.05, t-test). ABRs for middle frequencies (4-16 kHz) were firstly observed at P7 in 7 of 7 animals. The mean thresholds (±SD) in response to 16 kHz tones at P7, P9, P11, and P14 were 74.0 ± 2.2, 67.5 ± 2.8, 62.5 ± 2.8, and 40±2.2 dB SPL, respectively (Figure 1(c) ). The adult threshold (17.1 ± 2.6 dB SPL) was significantly lower than that observed at P14 ( < 0.01, t-test). ABRs for low frequencies (<2 kHz) appeared as late as P9. The mean thresholds (±SD) in response to 1 kHz tones at P9, P11, and P14 were 75 ± 2.5, 71.3 ± 2.5, and 63.4 ± 2.7 dB SPL, respectively (Figure 1(c) ), and thresholds at P14 did not differ from that in adults (60.7 ± 3.5 dB SPL, > 0.05, t-test). Our data show that, for most frequencies tested, the ABR thresholds at P14 were close to the adult levels. The arrows in Figure 1(c) indicate the first day when ABR appeared for different frequencies. Because the waveform I of the ABR represents the response elicited from the cochlea, our data show that cochlear functions developed between P6 and P14. The electromotility of OHCs contributes significantly to the cochlear response. Our result implies that, during this period, the OHCs are very likely involved in the response to sound stimulation as the cochlear amplifier. The electromotility of OHCs is produced by the motor protein prestin, which is located on the lateral membrane. To investigate the density and position of prestin in the developing OHCs, immunolabeling of prestin was performed and images were collected along the length of cochlea by confocal microscopy. Figure 2 shows confocal micrographs of OHCs from the apical, middle, and basal turns of cochleae from P5 to P14 rat pups. For P5 and P7 apical turns, rhodamine-phalloidin staining for hair bundles is shown to define the apical surface of the OHCs. DAPI staining for nucleus is shown to indicate the bottom region of the OHCs. As shown in Figure 2 , no prestin was detected in the OHCs along the entire cochlea at P5. Expression of prestin was first labeled at P6 to P7 in OHCs located in basal cochlea and showed a continued increase over the next week. Prestin expression progressed both spatially and temporally, with basal OHCs showing prestin expression ∼4 days earlier than apical OHCs. By P14, robust ring-shaped fluorescence was observed in all three segments.
In order to quantify the observed expression level changes of prestin during development, we measured the immunoband intensity of prestin in apical OHCs at different postnatal ages by using western blotting. As shown by the representative immunobands in Figure 3(a) , the expression of prestin increased in an age-dependent manner. Figure 3 Confocal images of prestin expression in OHCs at various postnatal ages. Prestin immunoreactivity was measured from three segments (basal, middle, and apical) along the cochlea. For P5 and P7 apical turns, the hair bundles were labeled with rhodamine-phalloidin (red), the nuclei of hair cells were stained with DAPI (blue), and the prestin was labeled in green. Three images with different focal planes at hair bundle (to indicate the apical surface of the OHCs), the upper lateral wall of the HOCs, and nucleus were merged. No prestin fluorescence (green) was seen at P0-P5. To better illustrate the expression of prestin on the lateral wall of the OHCs, only green channel was shown after P7. Prestin expression progressed both spatially and temporally. Scale bar represents 20 m.
low during the first five days after birth, and the most prominent increase in the prestin intensity occurred between P9 and P14. Although the prestin level increased slightly after P14, no significant difference was observed between the levels at P14 and adulthood.
Two essential electrophysiological properties are usually used to probe the function of prestin expressed in mammalian OHCs: NLC and electromotility. NLC and electromotility are fully coupled in mammals [21, 23, 24] . Because NLC can be easily and accurately measured experimentally, it is used as an assay to evaluate the functional development of prestin in the experiment described below. In OHCs of adult rodents, NLC is characterized by bell-shaped dependence on membrane potential with a peak at approximately −70 mV [21] . As shown in Figure 4 , we compared the NLC recorded from apical OHCs from P6 to P14 with adult OHCs. To eliminate the influence of different cell sizes, the magnitude of NLC was normalized to lin (representing the surface area of OHC). 
-test).
Because electromotility occurs along the longitudinal axis of OHCs, it is generally accepted that OHC length is critical for cochlear amplification. With the identical prestin expression level and activity, the longer OHCs could generate more significant motility and therefore conduct larger cochlear amplification. We measured the cell length of OHCs isolated from different segments along the basilar membrane. Figure 5 shows that the OHC length kept increasing and exhibited a sigmoidal rise from P0 to P14. The length of basal OHCs had minor changes over this period while the apical OHCs kept growing until approximately P11. Basal, middle, and apical OHCs reached their adult lengths at P5, P8, and P11, respectively (indicated by stars in Figure 5 ), and apical OHCs matured later than middle and basal OHCs.
Discussion
In this study, we used the ABR to measure the hearing sensitivity in developing rat pups. The ABR is a compound evoked potential derived from the acoustic responses of different stages along the ascending pathway of the auditory system. It is generally accepted that the peaks of ABR waveforms with different time delay are generated by distinct brainstem nuclei [25] . The responses of the cochlea and the auditory nerve are primarily responsible for peaks I and II, respectively. Peaks III to V (up to seven peaks were observed in some studies) represent the responses from the cochlear nucleus and other brainstem nuclei in higher level. Compared with recordings from adult animals, our data show that the ABR waveforms obtained from pups younger than P14 showed some special features. Only three to four distinct waves were identifiable within the first 8 ms after stimulus onset, as shown in Figure 1 . The latency of peak I is very similar to previously published examples from adults (e.g., 1.4 ± 0.24 ms in P9 pups versus 1.2 ± 0.15 ms in adults for 32 kHz, 90 dB SPL tones) [26] . Therefore, our results suggest that the acoustic responses of higher level auditory nuclei are absent in developing rats. Although we did not examine the development of responses for individual nuclei in the central auditory system, our results imply that central auditory neurons reach functional maturity later than do cochleae and the cochlear signal inputs are required for the development of the auditory system. This hypothesis is supported by recent evidence from in vivo patch-clamp recording from cortical auditory neurons. The excitatory and inhibitory synaptic inputs are not cotuned and are temporally imbalanced before P12; therefore, action potentials were rarely recorded before hearing onset [3, 6] . These results suggest that the onset of cochlear responses occurs earlier than the synaptic refinement in the auditory cortex. Our results also show that the ABR response is detectable as early as P6-P9, although the time line is various for different frequencies (Figure 1) . However, the mechanisms responsible for the onset of the cochlear response and for determining the maturation time of cochlear function remain unclear. It is clear that substantial morphological and functional changes occur during cochlear development. In rats, the structure of the cochlea is formed at an early stage after birth; the middle ear is well developed and the ear canal is open before hearing onset [27] [28] [29] . The differentiation of hair cells and supporting cells, as well as the innervation of spiral ganglion neurons, is completed during the embryonic period [13, [30] [31] [32] [33] [34] [35] . The morphological development of hair bundles and the functional maturation of mechanoelectrical transduction are completed before postnatal day 6 [13, 28, 29, 36, 37] . Because the cochlear response begins to appear at P6-P9 according to our ABR waveform analysis, the above processes are not likely to determine the onset of the cochlear response. In rats, action potentials of cortical neurons in response to sound stimulation are first recordable at P10-P11. Responses were found only for relatively high-intensity stimuli. Rapid changes occurred over the 3 subsequent days, and, by P14, the auditory cortex showed adult-like excitatory responses. The most significant change is the 40-50 dB threshold decreasing [1, 2] . This dramatic change in hearing sensitivity implies the involvement of a mechanism that modulates the sensitivity of the hearing system during this period.
Cochlear amplification confers extremely high sensitivity to our hearing with an enormous intensity range [38] .
Mammalian cochlear amplification is attributed to OHCs, which can change their cell length in response to changes in membrane potential synchronized to sound waves [7] . This activity termed electromotility is powered by the unique motor protein prestin in the OHC lateral membrane [11] . Our study indicates that prestin is first expressed at P6 (Figure 2 ) and reaches the adult expression level at P14 (Figures 3 and  4) . This period closely corresponds to the onset of cochlear function (Figure 1) . The developmental expression pattern of prestin has been studied in two species, rat and mouse [14, 39] . Belyantseva et al. reported that prestin expression begins at postnatal day 0 and increases progressively in a time course coinciding with that of electromotility [14] . Our results do not appear to be consistent with these data. Expression of prestin in OHCs from different positions within the cochlea (basal, middle, and apical turns) is not synchronized: it reached the level of maturity in the basal turn at P9, in the middle turn at P10-P11, and in the apical turn at P12 (Figures 2  and 3) . Our results are supported by function measurements of OHCs in other species. In mouse and gerbil, the NLC and electromotility of OHCs are first detected at P6 and reach adult levels at P12-P15 [12, 39] . In rats, however, the expression of prestin and the electromotility of OHCs are synchronous during development.
In the present study, we did not measure the motility of OHCs directly. NLC and electromotility are fully coupled in mammalian OHCs [21, 23, 24] and the former could be evaluated accurately [16] [17] [18] [19] . Our NLC measurements show that, for apical OHCs, the function of prestin first appears at P9 and reached mature level at P14 (Figure 4 ). This result is consistent with the data recorded from mouse [39] . This functional measurement is also concordant with our immunofluorescence staining and western blot results (Figures 2 and 3) . Thus, we proposed that the development of auditory central neural system, indicated by an increased sensitivity of ABR responses, occurs as the functional maturation of prestin, the motor protein of the OHCs.
Besides the expression level and functional activity, the cell length of OHCs is definitely an important factor that affects the overall motility magnitude of OHCs. As shown in Figure 5 , the times at which mature cell lengths were reached are P5, P8, and P11 for basal, middle, and apical OHCs, respectively. These time points are earlier than those of the prestin expression. Therefore, we conclude that cell length development is not likely the limiting factor to determine the onset time of cochlear function. It is well established that the basal segments of the cochlea respond to highfrequency stimuli while more apical portions are tuned to low frequencies. Our data revealed that the spatial and temporal expression patterns of prestin and development of auditory brainstem response are highly concordant. It is more likely that the expression and functional development of prestin may play a critical role in the maturity of hearing.
Conclusions
In conclusion, our results indicate that the expression pattern of prestin and the NLC function of OHCs are synchronized with the development of auditory brainstem responses. This finding suggests that the expression and functional development of prestin may determine the onset of hearing of rats.
